Magnetization curve and changes of the single-particle excitation spectra by magnetic field are calculated for the periodic Anderson model at half-filling in infinite spatial dimension by using the exact diagonalization method. It is found that the field-induced insulator-to-metal transition occurs at a critical field H c , which is of the order of the single ion Kondo temperature. The transition is of first order, but could be of second order in the infinite system size limit. These results are compared with the experiments on the Kondo insulator YbB 12 .
spectra to determine the energy gap, which vanishes at certain critical field H c , indicating the insulator-to-metal transition, and the magnetization curves, which exhibits a steep rise at H c . These results are consistent with the experiments on YbB 12 . Furtheremore, we have showed that the Van Vleck susceptibility is finite even in insulators, and is enhanced by the electron correlation.
We start with the periodic Anderson model (PAM),
where E f σ = E f − σh, h = µ B H and H denotes the magnetic field. The other notations are standard. We neglect the orbital degeneracy and assume the symmetric case E f = −U/2 together with half-filling condition to express the simplest model to the Kondo insulators.
Note that we apply magnetic field only to f-electrons. The reason for this is that the g factor for f-electrons, g f , differ from that for conduction electrons, g c , so that the total magnetization is not a conserved quantity. The total susceptibility is given by χ = [(g f − g c )/g f ]χ f , where χ f is the susceptibility in which the magnetic field is applied only to felectrons [11] . If we take g f = g c and apply magnetic field to both electrons, χ vanishes for the half-filling at T → 0, which apparently contradicts with experiments. We therefore calculate only χ f and denote it simply as χ in the following. In more realistic models, one has to take account of the real values of g factors for both electrons, and also the values of the magnetic moments in the crystal field split states [12] .
The first term in eq.(1) denotes the kinetic energy of conduction electrons and is scaled in such a way that in d → ∞ limit (d denotes the spatial dimensions) the density of states (DOS) has the form ρ(ǫ) = (2/πW ) 1 − (ǫ/W ) 2 , where W = 2 √ dt, if the Bethe lattice with the hopping t parameter is assumed. We, however, regard it as a model DOS for the real system. Furthermore, this shape is more suitable for the discussion of the insulatormetal transition, since it yields the sharp transition in contrast to the Gaussian DOS. We also assume in the following that any magnetic order is suppressed because of an insufficient nesting or strong frustrations in real systems, so that we study only the paramagnetic phase.
W =h = k B = 1 is assumed throughout the present paper.
We replace E f byẼ f = E f + U/2 = 0 in the Hamiltonian, assuming the electron-hole symmetry, and add the term (U/2) iσ n f iσ to compensate the above modification. But the latter term is constant because of the electron-hole symmetry even under finite field since n f iσ = (n f + σm)/2 and n f = 1, where m = n f i↑ − n f i↓ defines the magnetization. The thermal Green's function for f-electrons is expressed as
where
In d → ∞, the lattice problem is reduced to solving a generalized Anderson impurity embedded in an effective medium self-consistently [13, 15] . The unperturbed Green's function for this impurity is given byG f σ (iǫ n )
that of the impurity Anderson model with finite number of conduction electron levels ǫ ℓ and [16] . Accuracy of this fitting is generally very well in spite of the small number of levels. It is because not only the mixing V ℓ 's but also the energy levels ǫ ℓ 's are treated as the fitting parameters. As a result, bulk quantities can be obtained with good accuracy in the present method, although discreteness of the levels reflects in dynamical quantities. E σ above denotes the effective f level, but the fitting always yields E σ = 0. Although their method is applicable also to the finite temperatures, we investigate only the zero temperature properties. The ground state of this Anderson model was determined by the modified Lanczos method [17] and the thermal Green's function G f σ (iǫ n ) was calculated in the form of the continued fraction by the Lanczos method [18] . It is known that N s = 7 is sufficient to obtain a good fit to the thermal Green's function by that with finite levels for the Hubbard model [16] and the same holds true in the present case. A new estimate of the self-energy is
, which completes the self-consistent loop.
We first present the single-particle excitation spectrum for U = 2 and h = 0 in Fig.1(a) . V = 0.5 is used in the following calculations. It should be noted that the bare f-electron peaks at ±U/2 are shifted to deeper positions, in accord with the quantum Monte Carlo calculation [20] , the numerical renormalization group calculation [21] and the self-consistent second order perturbation theory [11] . In addition to them, a Kondo resonance peak is formed around ǫ = 0, which is split by the mixing with conduction electrons. The size of the gap, E g are plotted in Fig.2 as a function of U. E g is about twice the Kondo temperature T K for the single impurity for large U. Here we define T K by T K = 1/4χ, where χ is the magnetic susceptibility obtained by Bethe Ansatz for the impurity Anderson model [14] .
It should be noted that the self-energy Σ σ (iǫ n ) is proportional to −iǫ n even in the insulating phase. This is in contrast to the case of the Hubbard model, in which Σ σ (iǫ n ) ∝ −iǫ n in the metallic phase but ∝ −i/ǫ n in the insulating phase [15] . A reason to this difference would be that the gap is formed by the mixing in PAM and it exists even for U = 0 whereas it is purely due to the correlation in the Hubbard model. Therefore, the above spectra are well represented by the renormalized mean-field (MF) theory (eq.(5) below with h = 0), in which V 2 in the mixed band dispersion
is replaced with zV 2 , where z is the renormalization factor, z
For U = 2 we found z = 0.57. The energy gap is given by
Next, we apply magnetic field. Fig. 2 displays the magnetization curve of the f-moment m = n f ↑ − n f ↓ for U=0, 1, 2 and 3. The dotted curve is the result for the infinite system with U = 0 obtained from
where f (ǫ) is the Fermi function and ρ f σ (ǫ) denotes the f-component density of states of σ spin electrons under magnetic field,
(upper (lower) sign for ǫ >Ẽ f σ (ǫ <Ẽ f σ )),
This formula gives the f component susceptibility χ f = 0.76676, which agrees with the initial slope of the curve for U = 0 in Fig. 3 .
For U = 0, the spectrum consists of only a few sharp peaks due to the smallness of the system, so that the magnetization curve shows redundant steps, although its gross feature agrees well with eq.(4). For finite U, however, the spectra acquire finer structures and m(h)
becomes smoother, although a redundant two-step jump is still seen at U = 1. Beside these artifacts, the magnetization curves indicate sharp increases at the critical field h c , which is plotted in Fig. 2 as a function of U. The change of the spectra across h c are displayed in We also show in Fig. 4 how the gap E g (h) closes by magnetic field. It is seen that the gap closes as E g (h) = E g (0) − 2h, but for U > 0 (and maybe also for U = 0 around h = 0.26), E g jumps to zero before E g (0) − 2h vanishes, indicating a first order transition. By a naive argument we expect that the Kondo renormalization would be suppressed by the magnetic field, so that z and the effective mixing increase, hence the gap increases, whereas the upand down-spin bands are relatively shifted by the field, so that the gap reduces. Hence the critical field h c is determined as a result of the competition of these two effects. The present calculation shows that the gap decreases in proportion to −2h, which indicates that z does not change but the gap is closed because of the rigid shift of the each spin band. In fact, we found that the self-energy scarcely changes its shape for h < h c .
Whether the transition is of 1st order is a delicate issue. Investigating the details of the spectra shown in Figs.1(b) and (c), we found that a small peak discontinuously moves across the chemical potential, ǫ = 0, when h goes through h c . Since we have electron-hole symmetry and even number of electrons in total, no state can appear precisely at ǫ = 0.
Therefore, in the finite system calculation, a continuous change of h across h c may cause a discontinuous shift of peaks across ǫ = 0, yielding a discontinuous closing of a gap. Thus, we expect that the transition could become second order in the infinite size limit, but we leave it open for further study.
Sugiyama, et al. [9] analysed their experiment on YbB 12 and concluded that the gap decreases slightly faster than linearly with the field (see the insert in Yamada [22] gave a discussion that it should be enhanced approximately by z −1 . Our result shows that it is indeed enhanced by the interaction, although the enhancement becomes weaker than z −1 or E −1 g for strong coupling regime, which may be due to the interspin exchange interaction. The present result is qualitatively in agreement with the self-consistent perturbational result [11] .
In summary, we have calculated the magnetization curve and the single-particle excitation spectra of the periodic Anderson model at half-filling in infinite dimensions in the paramagnetic phase, which is a prototype of the Kondo insulators, and found that the insulator-to-metal transition takes place by applying magnetic field. The gap decreases as
, and vanishes at the critical field h c , which is found to be of the order of T K /2. It indicates that the gap closes for h < h c in such a way that each spin band is shifted rigidly by ±h. The transition is of first order, but could be of second order in the 
